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Transcript decay mediated by RNase III in Borrelia burgdorferi
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Abstract:
The causative agent of Lyme disease, Borrelia burgdorferi, requires shifts in gene
expression to undergo its natural enzootic cycle between tick and vertebrate hosts. mRNA
decay mechanisms play significant roles in governing gene expression in other bacteria, but are
not yet characterized in B. burgdorferi. RNase III is an important enzyme in processing
ribosomal RNA, but it also plays a role in mRNA decay in many bacteria. We compared RNA
decay profiles and steady-state abundances of transcripts in wild-type Borrelia burgdorferi
strain B31 and in an RNase III null (rnc-) mutant. Transcripts encoding RNA polymerase subunits
(rpoA and rpoS), ribosomal proteins (rpsD, rpsK, rpsM, rplQ, and rpsO), a nuclease (pnp), a
flagellar protein (flaB), and a translational regulator (bpuR) decayed more rapidly in the wildtype strain than in the slow growing rnc- mutant indicating that RNA turnover is mediated by
RNase III in the bacterium that causes Lyme disease. Additionally, in wild type bacteria, RNA
decay rates of rpoS, rpoN, ospA, ospC, bpuR and dbpA transcripts are only modestly affected by
changes in the osmolarity.
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Introduction
Lyme disease, the most common vector-borne illness in the United States, is caused by
the bacterium Borrelia burgdorferi, that has a complex enzootic cycle [1-4]. Larval hard-shelled
ticks, Ixodes scapularis, acquire B. burgdorferi during their first blood meal from an infected
host. In subsequent blood meals, B. burgdorferi can be transmitted from the tick to the
vertebrate host. Acquisition and transmission of B. burgdorferi are slow processes: detection of
spirochetes in the larval midgut during acquisition requires more than 16 hours [5] and
transmission from the tick to a vertebrate host typically takes more than two days [6]. Both
acquisition and transmission of B. burgdorferi involve shifts in expression of tick-specific and
vertebrate-specific genes [3,7].
The rates of acquisition and transmission of the spirochete may be determined, in part,
by the fundamental kinetics of transcription, translation, protein degradation, and mRNA
turnover in B. burgdorferi. In Escherichia coli, modulation of the steady-state level of βgalactosidase to a higher level by adding inducer or to a lower level by introducing a
transcriptional inhibitor occurs within minutes [8]. In contrast, induction of B. burgdorferi outer
surface protein C (OspC) synthesis from an artificial promoter regulated by lac repressor in E.
coli requires 16 hours for maximal expression at 37°C [9]. Artificially induced OspC protein is
detectable 72 hours after removal of inducer (and repression of transcription)[9]. The slow
decay of endogenous OspC protein in B. burgdorferi is likely correlated to the stability of its
mRNA, which has a half-life greater than 40 minutes [10].

To facilitate expeditious shifts in gene expression due to environmental stimuli, mRNA
turnover occurs on the order of a few minutes in most bacteria [11,12]. We observed that many
B. burgdorferi transcripts are significantly more stable with half-lives exceeding 20 minutes [10].
The pathways of mRNA degradation in B. burgdorferi are not yet known; however, the genome
of B. burgdorferi encodes a limited suite of orthologs to known ribonucleases including RNase Y
(BB0504), RNase III (BB0750), RNase Z (BB0755), RNase M5 (BB0626), PNPase (BB0805), RNase
HII (BB0046), RNase P (BB0441) , YbeY (BB0060) and Oligoribonuclease (BB0619) [13]. Of these,
only two loci, bb0626 and bb0046, were disrupted by signature-tagged transposons in the
construction of a STM library [14], suggesting that the gene products (RNase M5 and RNase HII,
respectively) are non-essential. A deletion of RNase III (rnc-) in B. burgdorferi was recently
constructed [13] to explore the role of RNase III in processing rRNA. Although this RNase III
mutant exhibits a slow growth phenotype in culture medium, it too is non-essential. Of these
three non-essential nucleases, only RNase III has been implicated in mRNA turnover [15-17].
Mg2+-dependent endoribonucleases of the RNase III family precisely bind to and cleave
double-stranded RNA (dsRNA) [12,18-20]. RNase III has been shown to have roles in the
maturation of rRNA, small RNA (sRNA) dependent regulation of gene expression, and mRNA
turnover [15,21-26]. Although RNase III has long been known to affect the rates of decay of a
few individual genes [27-29], recent work indicates that RNase III influences the abundances of
transcripts covering 12% of the coding sequences in E. coli [15] and 11% of the coding
sequences in Bacillus subtilis [17]. In B. burgdorferi, RNase III processes rRNA [13]. Here, we
observe that transcripts encoding RNA polymerase subunits (rpoA and rpoS), ribosomal
proteins (rpsD, rpsK, rpsM, rplQ, and rpsO), a nuclease (pnp), a flagellar protein (flaB), and a

translational regulator (bpuR) decayed more rapidly in the wild-type strain than in the rncmutant in B. burgdorferi cultures grown at 35°C.
In culture, both the growth rate of B. burgdorferi and the relative abundance of key
transcripts important for virulence are affected by changes in the osmolarity, analogous to
those experienced by the bacteria in replete ticks and vertebrate hosts [30]. We observe that
RNA decay of transcripts in wild-type B. burgdorferi is only modestly affected by shifts in the
osmolarity of the growth media, suggesting that osmolarity may change transcript levels
through transcriptional regulation, and that RNA decay is not significantly influenced by the
growth rate of B. burgdorferi.

Materials and Methods
RNA Decay Measurements
Measurements of mRNA lifetimes were performed as described previously [10]. Briefly,
B. burgdorferi strains B31 and the rnc- mutant were grown to mid-log phase (1x107 to 7x 107
cells mL-1) at 35°C in BSK II [10] or alternative osmolarity-modified BSK media as previously
described [30] with the addition of 40 µg mL-1 gentamicin in the rnc- mutant culture. At time
points immediately prior to and following addition of actinomycin D (TOCRIS Bioscience, Bristol,
United Kingdom) (final concentration 150 mg mL-1 ), aliquots of 25 mL of culture were taken,
RNA was isolated and treated with DNase I. We measured the RNA concentration and quality
spectrophotometrically before dilution and storage at -20°C. Using gene-specific primers

(Supplementary Table 1) and fixed amounts of total RNA (between 0.4ng- 40ng) we measured
RNA levels by qRT-PCR using the one-step reverse transcription and real-time EXPRESS OneStep SYBR GreenER kit (Invitrogen, Carlsbad, CA ) on a STRATAGENE MX3000P thermocycler
(Agilent Technologies, Inc., Wilmington, DE). Decay data were analyzed as previously described
[10]. Threshold cycle (Ct) values corresponding to steady-state abundances were derived from
the cultures collected immediately prior to the addition of actinomycin D or from cultures that
were not exposed to actinomycin D. We determined the fold difference in the abundance of the
steady-state transcripts using the relationship that the fold change in abundance = 2(Ctavg WT - Ctavg rnc-)
for cultures in the different strains. Rate constants were determined for the wild-type B31 cells
grown in BSK II media as previously described [10] and steady state levels in wild-type and rncstrains were compared using One way ANOVA analysis with Student-Newman-Keals tests (and
Dunn’s test for rpsO) using Sigmaplot 14.0 (Systat Software, San Jose CA).
Results
mRNA decay in bacteria is usually studied by following the fraction of RNA remaining
following transcription arrest by addition of rifampicin, a transcriptional inhibitor. Because B.
burgdorferi is naturally resistant to rifampicin [31], we recently demonstrated that mRNA
lifetimes in B. burgdorferi can be assessed by arresting transcription with actinomycin D,
purifying the RNA at subsequent time points, and determining RNA levels of specific transcripts
using gene-specific primers [10].
In wild-type B. burgdorferi (open symbols, Figure 1), the fraction of each transcript
remaining after the addition of actinomycin D decreases with time. As previously observed, the

decay does not follow a first order process [10]. The half-lives of decay (t1/2=(ln2)/k) are
estimated to range from about 1 minute (e.g. rpoS and rpsD) to more than 30 minutes (e.g.
pnp). We observed good agreement between the estimated rate constants from this study
(Figure 1) and our previous reports for rpoS, rpsD, rplQ, rpsO, pnp and the region overlapping
the intergenic region between rpsO and pnp [10]. The estimates of decay rate constants for
rpoA, rpsK and rpsM transcripts were observed to be higher than our previously reported
estimates and are attributable to variation between biological replicates. In this study, we
determined the decay profiles for bpuR mRNA, encoding BpuR, an autoregulatory translational
repressor [32,33], and 16S and 23S rRNAs for the first time in B. burgdorferi. Under the
conditions of our analysis bpuR mRNA has a half-life of approximately 18 minutes in wild-type
B. burgdorferi (Figure 1J). 16S rRNA (Figure 1L) and 23S rRNA (not shown) are stable RNAs with
no detectable decay of either during the time course of our experiment in either wild-type or
rnc- strain.
In the rnc- mutant strain of B. burgdorferi (filled symbols, Figure 1), the fraction of RNA
remaining does not decrease below 0.5 in the first 45 minutes for any transcript. Decay is too
slow to accurately determine rate constants and half-lives. These results indicate that in the
absence of the endoribonuclease RNase III, the transcripts are extremely stable following
transcriptional arrest with actinomycin D.
We also compared the relative steady-state levels of transcripts from rpoA, rpoS, rpsD,
rpsK, rpsM, rplQ, rpsO, pnp, flaB, bpuR, and ribosomal RNA in wild type and in the rnc- mutant.
The average Ct values were determined from amplification curves for each transcript

(normalized to fixed amounts of total RNA), in both the wild type (black) and rnc- (gray; Figure
2). The average Ct values of rpoA, rpoS, rplQ, rpsD, rpsK, rpsM, rpsO, bpuR, and flaB transcripts
and the 16S and 23S rRNAs all were lower in the rnc- mutant than in the wild-type strain,
indicating that the steady-state transcript levels were elevated in the absence of RNase III. The
average Ct levels of pnp and the sequence that overlaps the coding regions of rpsO and pnp
were higher in the rnc- mutant, suggesting that these steady-state transcript levels may be
reduced by the absence of RNase III.
We have previously observed that culturing at 25°C, where growth rate is slower,
significantly decreases the rate of RNA decay [10]. Because the rnc- strain has a much longer
doubling time than the wild-type strain at 35°C [34] , we anticipated that growth rate, rather
than a direct effect of the rnc deletion might be responsible for the slow turnover of the
transcripts in the rnc- strain. Bontemps-Gallo and coworkers demonstrated that B. burgdorferi
grows more slowly at 650 mOsm at 35°C, and that different growth osmolarities altered the
steady state transcript levels of several transcripts on virulence regulatory pathways [30]. We
performed RNA decay assays from cells grown at 250 mOsm, 450 mOsm and 650 mOsm under
microaerobic growth conditions. We observed that wild-type cultures took approximately twice
as long to reach mid-log phase in a 1:50 dilution of mid-log phase cells at 650 mOsm (~8 days)
as compared to 250 mOsm,or 450 mOsm culture (~4 days).
Because there was a difference in growth of wild-type B. burgdorferi with varying
osmolarities, we then measured changes in mRNA transcript levels following transcriptional
arrest. The most rapidly decaying transcript in normal growth conditions (Figure 1), rpoS,

retained a half-life of <1.1 minute under all osmolarities (Figure 3a). Other transcripts, rpoN,
ospA, ospC, and bpuR, that showed measurable decay at 450 mOsM also show similar rates of
decay at 250 mOsm and 650 mOsm (Figure 3). Analysis of rate constants and half-lives was
complicated by incomplete decay, typically retaining approximately at least 10% of the
transcript after 24 hours, and greater variation in the measurement of half-lives under the
osmotic growth conditions than in BSK-II in normal, aerobic growth conditions.
Discussion
In a B. burgdorferi rnc- mutant, the decay of rpoA, rpoS, rpsD, rpsK, rpsM, rplQ, rpsO,
pnp, flaB and bpuR mRNAs is significantly slower than in the wild-type strain (Figure 1). The
abundances of more than half of the RNAs we tested are elevated (Figure 2). Together, these
results suggest that RNase III has a significant role in mediating RNA decay in B. burgdorferi.
In both E. coli and in B. subtilis, mRNA degradation appears to be initiated by the action
of an endoribonuclease and followed by the action of one or more exonucleases [11,12,35-38].
RNase E in E. coli, and both RNase Y and an RNase J1/J2 complex in B. subtilis have been
implicated in initiating global mRNA decay. Mutants deficient in these enzymes show altered
steady-state abundance of 60%, 26% or 30% of coding sequence transcripts, respectively
[15,17]. In both model organisms, the endoribonuclease RNase III appears to have a secondary
role in initiating mRNA decay, affecting the abundance of just over 10% of coding sequence
transcripts [15,17]. B. burgdorferi encodes orthologs to RNases Y and III, but not RNases J1 or E.
Because RNase Y appears to have a larger effect on mRNA decay in B. subtilis than RNase III, we

anticipated that RNase III would play a relatively minor role in RNA decay in B. burgdorferi;
however, we observed that RNase III facilitates decay of all the mRNA transcripts we tested.
The first and most direct explanation of the increased stability of the transcripts we
tested is that the regions flanked by the amplifying primers for each transcript contain an
RNase III cleavage site. In the rnc- strain, this site is not cleaved. It is important to note that
some of the transcripts that are cleaved are not predicted by mfold to have a canonical RNase
III stem loop structures [19,24,39] or have significant evidence of processed 5’ ends [40] (see
Supplementary Table). These results suggest that, for some transcripts, the effects of the RNase
III cleavage site will be indirect.
RNase III may play an indirect role in the decay of these transcripts by altering the
expression of other nucleases in B. burgdorferi. In this model, the expression of other gene
products involved in mRNA decay is altered in the RNase III mutant strain. PNPase plays a role
in global mRNA decay in E. coli; deletion of pnp results in increased steady-state abundance of
more than 17 percent of transcripts [41]. The primary exoribonucleases, RNase II and RNase R
in E. coli, and RNase J1 and J2 in B. subtilis, are not found in B. burgdorferi. PNPase is essential
in E. coli if RNase II and RNase R are absent. Because B. burgdorferi does not encode homologs
to these exoribonucleases, PNPase is likely its primary exoribonuclease [42,43].
In E. coli, RNase III is required for initiating decay of the pnp transcript (encoding the
exoribonuclease PNPase) by cleaving a specific site located between rpsO and pnp on a
polycistronic transcript [28,29,44]. This cleavage event decouples expression of rpsO and pnp.
In an RNase III mutant in E. coli, pnp transcripts are stabilized and mRNA decay is accelerated,

likely due to increased expression of PNPase from the stabilized transcript [45]. We observed
that the rate of decay of rpsO, the region between rpsO and pnp, and pnp are all slower in the
rnc- mutant than in wild type cells, suggesting that RNase III mediates the decay of these
transcripts. In E. coli, RNase III deletion does not stabilize the rpsO coding region [45],
suggesting that regulation of this operon and/or global mRNA decay pathways in B. burgdorferi
and in E. coli occur by different mechanisms. In the rnc- strain, our data also indicate that the
steady-state abundance of rpsO is slightly increased, but the abundances of the coding region
of pnp and the region that overlaps the intergenic region between rpsO and pnp are slightly
decreased (Figure 2). With the caveat that the steady-state abundance data may be influenced
by the method of normalization (here we used total RNA), this finding may suggest that some of
the effects of an RNase III null mutant on the rates of mRNA decay may be indirect and
attributable to a change in PNPase levels.
Similar decay rates of transcripts at different osmolarities under microaerobic
conditions, where the growth rate of the bacteria varies, indicate that decreased RNA turnover
in the slow-growing rnc- mutant is unlikely to be a growth rate effect. We observed that the
rates of decay at all growth rates (osmolarities) are fairly similar (Figure 3), and only modest
trends were observed (dpbA and bpuR transcript turnover increase at increasing osmolarity).
Because high osmolarity conditions correspond more closely to conditions within a replete tick
and low osmolarity conditions correspond to that of mammalian blood plasma, we anticipated
that changes in osmolarity might result in shifts in rates of RNA decay that would facilitate shifts
in gene expression. However, changes in turnover rate were not very large.

Our findings suggest that RNase III plays an important role in RNA decay in B.
burgdorferi. Further exploration of the mechanism of RNA degradation in B. burgdorferi should
focus on determining whether RNase III-mediated decay is direct or indirect. Additionally, the
roles of PNPase and RNase Y in mRNA decay should be investigated.
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Figure Legends:
Figure 1: Decay profiles for mRNA transcripts following transcriptional arrest in rnc- and wildtype B. burgdorferi.
The fraction of individual mRNA transcripts remaining at time points following transcriptional
arrest by the addition of actinomycin D in an RNase III-deficient B. burgdorferi strain (rnc-; filled
symbols) and in a wild-type B31 (open symbols). A horizontal line representing 50% of the
original mRNA level has been plotted as a reference. (A) rpoS encoding alternative sigma factor
RpoS (WT:k=0.62±0.16)). (B) rpoA encoding the alpha subunit of RNA polymerase
(WT:k=0.52±0.17). (C) rplQ encoding ribosomal protein L17 (WT:k=0.8±0.03). (D) rpsD encoding
ribosomal protein S4 (WT:k=0.69±0.14). (E) rpsK encoding ribosomal protein S11
(WT:k=0.48±0.12). (F) rpsM encoding ribosomal protein S13 (WT:k=0.52±0.14). (G) rpsO
encoding ribosomal protein S15 (WT:k=0.025±0.008). (H) Region overlapping rpsO and pnp
(WT:k=0.019±0.005). (I) pnp encoding polynucleotide phosphorylase (PNPase)
(WT:k=0.0089±0.0057). (J) bpuR encoding regulatory protein BpuR (WT:k=0.039±0.011). (K) flaB
encoding flagellar protein B (WT:k n.d). (L) 16S ribosomal RNA (WT:k n.d).

Figure 2. Steady-State Abundance of Transcripts from wild-type and rnc- B. burgdorferi. RNA
was purified from mid-log phase cultures to determine whether RNase III affects the steady
state abundance of different transcripts. The average value of the cycle threshold (Ct) in wildtype (black bars) and the RNase III mutant (grey bars) are shown for several transcripts.
Decreases in Ct values represent increases in the steady state level of the transcript.

Significant differences with p<0.05(*), p<0.01(**) or p<0.001(***) are indicated as appropriate.
Figure 3: Transcript decay profiles following transcriptional arrest in different osmotic growth
conditions. The fraction of individual mRNA transcripts remaining at time points following the
addition of actinomycin D in a wild-type B31 strain. Cells grown under microaerobic conditions
in media of different osmolarities 250mOsm (closed circles), 450mOsm (open circles),
650mOsm (closed triangles). Horizontal line representing 50% of the original mRNA level is
plotted as reference. (A) rpoS encoding alternative sigma factor RpoS. (B) rpoN encoding
alternative sigma factor RpoN. (C) ospA encoding outer surface protein OspA. (D) ospC encoding
outer surface protein OspC. (E) bpuR encoding regulatory protein BpuR. (F) dbpA encoding
decorin binding protein DbpA.
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Oligonucleotide

Sequence, 5’ to 3’

S13AF_Snow

GCAATAAATCAAGTATTTCTCC

S13AR_Snow

TGCCTAACGCCCCTATAACACG

S11BF_Snow

CTTTAGCTTGGGCAAGTGCTGG

S11BR_Snow

GCAGATTCACAGCCAATGCC

AlphaAF_Snow

GCCAAGGTGATGGGTCTTATGG

AlphaAR_Snow

CTTCAGAAACTCCAGGAATCAAATC

L17AF_Snow

GGAAGTCTAGTCACAGGAGAGCGC

L17AR_Snow

GCACAGTATCAACTTTTGCCC

S4AF_Snow

GCCGCATCCTCCCGGAATGC

S4AR_Snow

GTCTCCAGTAACACCGTGATC

rpsO F

TACTGGTTCTGTTGGGGTTCA

rpsO R

TGGTAATACCGCAATAAACTTCG

rpsO-PNPase F1

AGGGCAAAGGCGAAGTTTAT

rpsO-PNPase R1

GCCATAAATCCGGTCTCAAA

PNPase F

TATGCAGCCGGTAAAATTCC

PNPase R

AACTGCCGTAAAAGCAGCAT

Gene Product

BB_0500, rpsM, ribosomal protein
S13, coding region

BB_0501, rpsK, ribosomal protein
S11, coding region

BB_0502, rpoA, DNA directed RNA
polymerase, alpha subunit, coding
region

BB_0503, rplQ, ribosomal protein
L17, coding region

BB_0615, rpsD, ribosomal protein
S4, coding region

BB_0804, rpsO, ribosomal protein
S15, coding region

Intergenic region between BB_0804
and BB_0805

BB_0805, pnp, polynucleotide
nucleotidyl-transferase, coding
region

rpoS 443F

GATTCAACCTATCTCCTGCTCAG

rpoS 705R

GGTGCTTTTTTTGGGACTATTG

flaB-F

TTTCAGGGTCTCAAGCGTCT

BB_0771, rpoS: RNA polymerase
sigma factor S, coding region

BB_0147, flaB, coding region
flaB-R

TGTTGAGCTCCTTCCTGTTG

Bpur-Forward1

GTATCTACGGGGTCCGTTGG
BB_0047, bpur, coding region

Bpur-Reverse1

CGCCCGCCTGATAAATG

16SFrrs1066f

TGCTGTGAGGTGTTGGGTTAAG
16S rRNA

16sR-rrs1139r

CCCCACCATTACATGCTGGTA

23sfrrl1983f

GCGAAATTCCTTGTCGGGTAA
23S rRNA

23srrrl2047R

TGAGACAGCGTCCAAATCGTT

rpoN F

CGTTTGGGTCTTTAAATTCG

rpoN R

AACACGGCTTTAGAAATTATCA

dbpA F

AGAAACTGGAAGTAGTGGTGAAT

alternative σ-factor that transcribes
rpoS

decorin binding protein
dbpA R

GCACTCCTTGAGCTGTAGTT

ospC F

TGGTACTAAAACTAAAGGTGCTGAAGAA
outer surface protein C

ospC R

GCATCTCTTTAGCTGCTTTTGACA

ospA F

CTGACAGTAGTGCTGCTACTAAA

outer surface protein A

ospA R

GGTGCCATTTGAGTCGTATTG

Supplementary Figure 1: Lowest minimum free energy predicted secondary structures1 of transcript
regions amplified in qRT PCR annotated in red with 5’ ends identified (>300) by Adams et al. 2
Gene
rpoS

Annotated structure prediction of amplified region (Reference
Mfold, And Adams)

Comments
No processed ends were
detected by Adams et
al., though this was likely
due to overall low levels
of rpoS mRNA in the
samples and not the true
absence of RNA
processing (personal
communication with M.
Jewett).

rpoA

rplQ

rpsD

rpsK

rpsM

rpsO

pnp

bpuR

flaB

dbpA

ospA

ospC

No processed ends were
detected by Adams et.
al., though this was likely
due to overall low levels
of ospC mRNA in the
samples and not the true
absence of RNA
processing (personal
communication with M.
Jewett).
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